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Abstract 

Various sight-threatening diseases are caused by an elevated permeability of the layer of retinal 
microvascular endothelial cells (REC), induced by high intravitreal levels of vascular endothelial 
growth factor-A165 (VEGF-A165). Barrier impairment is accompanied by an altered expression of 
proteins restricting para- and transcellular flow, counteracted by inhibition of VEGF-A-signaling. 
Here we investigated whether chloroquine, an inhibitor of lysosome acidification and autophagy, can 
prevent VEGF-A165-induced impairment of the REC barrier. Cells were treated with 1-10 µM 
chloroquine ± 1.3 nM VEGF-A165 for up to four days. Barrier function was assessed by continuous cell 
index measurements revealing that 10 µM chloroquine partly counteracted the VEGF-A165-induced 
low cell index. Higher protein expression of the regulator of transcellular flow, plasmalemma vesicle-
associated protein was also prevented, but not loss of tight junction protein claudin-1. Chloroquine 
in combination with VEGF-A165 also lowered the protein expression of differentiation markers von 
Willebrand factor and caveolin-1, while the abundance of a cleavage product derived from adherens 
junction protein vascular endothelial cadherin increased. Importantly, the prominent localization of 
tight junction protein claudin-5 at the plasma membrane dramatically weakened, as shown by 
immunofluorescence staining. Taken together, despite apparently stabilizing the barrier formed by 
REC, chloroquine profoundly alters the endothelial phenotype. 

Keywords: VEGF-A; chloroquine; retinal endothelial cells; barrier function; tight junction; change of 
phenotype 
 

1. Introduction 

Various ocular diseases of high socio-economic relevance, e.g., macular edema secondary to 
diabetic retinopathy or retinal vein occlusion, are associated with the breakdown of the inner blood-
retina barrier (BRB) [1,2]. Elevated permeability of the layer of retinal endothelial cells (REC) of the 
inner BRB is caused by deregulated expression of growth factors in the vitreous, among which 
vascular endothelial growth factor (VEGF)-A plays the dominant role [3,4]. In vitro, exposure to the 
splice variant VEGF-A165 increases the permeability of cell layers of primary or immortalized REC 
isolated from various species, including human. Barrier impairment persists over several days, 
accompanied by adversatively altered expression of tight junction (TJ) proteins: Claudin-1 is 
downregulated whereas claudin-5 is upregulated [5-11]. Amounts of the regulator of transcellular 
flow, plasmalemma vesicle-associated protein (PLVAP), only barely expressed by unchallenged REC, 
are also strongly increased [8,12,13]. These changes, mediated through binding and activation of 
VEGF receptor (VEGFR) 2, are efficiently counteracted and reverted by blocking VEGF-dependent 
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signal transduction [7,8,14-16]. Enhanced protein degradation might be involved in the VEGF-A-
induced loss of TJ-protein claudin-1, and, interestingly, chloroquine counteracts the downregulation 
of this TJ-protein by hypertonic stress in renal tubular epithelial cells [17]. The anti-malaria agent 
raises the lysosomal pH, thereby inactivating proteases, and, by preventing autophagosome 
formation, it inhibits autophagy [18-20]. Defined as lysosomal proteolytic degradation of cytosolic 
components for cellular recycling, autophagy, takes place under physiological and pathological 
conditions [21,22]. In microvascular REC, hypoxia and VEGF-A165 increase autophagic flux and, 
consequently, angiogenic processes can be prevented by inhibiting autophagy [23,24]. 

In view of these observations, we investigated if chloroquine prevented VEGF-A165-induced 
changes of the REC barrier using the well-established model of immortalized bovine retinal 
microvascular endothelial cells (iBREC), focusing on extended exposures to the effectors over several 
days, to beĴer mimic the vivo situation [25]. To assess barrier function, we combined two 
complementary approaches. First, we measured the cell-index (CI) by recording the electrical 
impedance of the cell-substrate interface and the cell-cell contacts, providing real-time analyses of 
barrier integrity [14,26]. Second, we evaluated the expression and/or subcellular localization of 
proteins typical of (microvascular) endothelial cells, including claudin-5, caveolin-1, and 
vonௗWillebrand factor (vWF), as well as proteins that regulate para- and transcellular flow, such as 
claudin-1, PLVAP, respectively, and the adherens junction protein vascular endothelial cadherin 
(VEcadherin) [7,8,12,13,27-31]. We also investigated whether the inhibitor itself was harmful to REC, 
because systemic exposure to chloroquine, also used to treat immune-mediated inflammatory 
diseases, could lead to irreversible retinopathy, which is primarily associated with dysfunction of the 
retinal pigment epithelium and, consequently, of the outer BRB [32,33]. 

2. Results 

2.1. General Information 

All experiments to evaluate changes induced by inhibitors of lysosomal proteases, autophagy as 
well as by VEGF-A165 were performed with confluent monolayers of iBREC which were propagated 
in cell culture medium adapted for the special needs of this cell type. Although of non-human origin, 
immortalized and primary microvascular endothelial cells of the bovine retina provide highly 
reliable in vitro models of the inner BRB, as they establish a tight barrier: High values of the cell index 
and the transendothelial electrical resistance are accompanied by a strong expression of claudin-5 
whereas PLVAP is barely detectable [7,8,10,12,13,16,25]. In addition, human and bovine homologues 
not only of investigated proteins are highly conserved.  

Cells were treated with the inhibitors with or without VEGF-A165 for up to four days. Depending 
on the cell type, chloroquine prevents autophagy and inhibits lysosomal proteases between 0.1 µM 
and 20 µM [17,33,34]. To inhibit cysteine-dependent (non)-lysosomal proteases, MG-101 was used at 
final concentrations of 20 nM or 500 nM, at which it blocks the activity of lysosomal cathepsins L and 
B or of non-lysosomal calpains I and II, respectively [35,36]. VEGF-A165-mediated signal transduction 
was counteracted by 10 nM tivozanib, which specifically inhibits VEGFR2 [14,37]. 

2.2. Chloroquine but not MG-101 Counteracted the VEGF-A165-Induced Low Cell Index Values 

To evaluate possible toxic changes induced by the inhibitor of autophagy, we counted the 
number of iBREC per field after exposure of the cells’ confluent monolayers to chloroquine ± 
VEGF-A165 for four days: Compared to lower concentrations, treatment with 10 µM chloroquine (± 
VEGF-A165) led to a slight, but significant reduction of cells (Figure 1a).  
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Figure 1. Chloroquine partly counteracts VEGF-A165-induced reduction of the cell index. Confluent monolayers 
of iBREC were exposed to (a-c) chloroquine, (d) MG-101 or (e) tivozanib, with or without VEGF-A165. (a) The 
number of cells per field were counted or (b-e) the cell index (CI) was measured continuously. (a) Only 10 µM 
chloroquine decreased cell numbers in the presence or absence of VEGF-A165. (b-e) CI values were obtained from 
at least six wells per condition and time point, and (b) are either shown as absolute values or (c-e) were 
normalized in relation to those measured just before the addition of the effectors. For details, refer to section “4.6 
Statistical analyses”; means ± standard deviations are depicted. (b) Chloroquine transiently lowered CI values. 
The strong and persistent VEGF-A165-induced decline of the CI, was (c) partly prevented by higher 
concentrations of chloroquine, (d) but not by MG-101. (e) Inhibition of VEGFR2 by tivozanib completely blocked 
the VEGF-A165-induced decline of the CI. CQ: chloroquine. 

Possible cytotoxicity during extended treatment of confluent monolayers of iBREC with 
chloroquine was also assessed by sensitive cell index (CI) measurements. Indeed, CI values remained 
high over four days despite a subtle transient decline around day two (Figure 1b), reflecting a 
confluent monolayer of cells. To investigate if the persistent barrier dysfunction induced by the 
growth factor VEGF-A165 – reflected by lower CI values – could be prevented by inhibition of 
lysosomal proteases or autophagy, iBREC were exposed to combinations of the growth factor plus 
chloroquine. Whereas ≤5 µM chloroquine did not noticeably alter the VEGF-A165-induced low CI, it 
was at least in part counteracted by 10 µM chloroquine (Figure 1c), although the protective effect was 
delayed. In contrast, specific inhibition of lysosomal cathepsins or non-lysosomal calpains with 
MG-101 did not prevent the VEGF-A165-induced decline of CI values (Figure 1d). By comparison, this 
effect was completely abolished by the VEGFR2 inhibitor tivozanib (Figure 1e). Notably, neither 
inhibitor affected CI values when applied alone [14,38]. 
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2.3. VEGF-A165-lowered expression of claudin-1 was not prevented by chloroquine  

VEGF-A-induced dysfunction of the REC barrier is accompanied by altered expression of 
proteins restricting para- and transcellular flow, e.g., loss of TJ-protein claudin-1. Therefore, we 
investigated if inhibition of lysosomal proteases also prevented their VEGF-A165-induced changes, 
assessed by Western-bloĴing of cell extracts obtained from effector-treated iBREC. For normalization 
of antigen-specific signals, β-actin was always used as loading control. Its amounts were not altered 
over time by chloroquine and/or VEGF-A165 (Table 1) or by MG-101 ± VEGF-A165 (normalized values 
were: 1 ± 0 for 0 nM MG-101, 0.97 ±0 .23 for 20 nM MG-101, 0.87 ± 0.20 for 500 nM MG-101, 1.09 ± 0.29 
for 1.3 nM VEGF-A165, 1.09 ± 0.33 for 1.3 nM VEGF-A165 + 20 nM MG-101, 1.02 ± 0.38 for 1.3 nM 
VEGF-A165 + 500 nM MG-101, p>0.05 for all comparisons, N≥5).  

Table 1. Expression of β-actin by iBREC exposed to chloroquine ± VEGF-A165.  

Day 
chloroquine 1.3 nM VEGF-A165 + chloroquine 

0 µM 1 µM 5 µM 10 µM 0 µM 1 µM 5 µM 10 µM 

1 
1±0 1.05±0.37 0.95±0.31 1.05±0.37 0.85±0.42 0.86±0.43 0.96±0.48 1.16±0.54 

(N=6) (N=6) (N=6) (N=6) (N=6) (N=6) (N=6) (N=6) 

2 
1±0 0.91±0.19 0.89±0.25 0.98±0.21 0.94±0.35 0.83±0.25 0.79±0.22 0.93±0.42 

(N=10) (N=6) (N=8) (N=6) (N=10) (N=6) (N=8) (N=8) 

4 
1±0 1.12±0.3 1.09±0.29 0.98±0.24 1.07±0.1 1.16±0.51 1.24±0.46 1.37±0.54 

(N=8) (N=6) (N=8) (N=6) (N=8) (N=6) (N=8) (N=6) 
Confluent iBREC were exposed to effectors before cells were harvested at indicated time points. Amounts 

of β-actin were determined by Western bloĴing, and specific signals were normalized to those obtained from 
cells exposed to 0 µM chloroquine (= vehicle-treated cells). Data from multiple independent Western blot 
analyses were pooled and analyzed as described in section “4.6 Statistical analyses”; mean ± standard deviations 
are shown. Expression of β-actin remained stable throughout; p>0.05 for all comparisons within each time point. 

To confirm that the used polyclonal antibodies bind specifically to claudin-1 (see Table 2), we 
precipitated the TJ-protein from whole cell extracts. Far-Western analyses revealed that the 
precipitate indeed contained claudin-1 but not the related and highly expressed TJ-protein claudin-5 
(Figure 2a). In accordance with the CI measurements, claudin-1 was low after exposure to VEGF-A165, 
not prevented by MG-101 (Figure 2b). Interestingly, expression of the TJ-protein was also 
significantly lower after extended treatment with 10 µM chloroquine, partly correlating with the 
observed low CI values (Figure 2c, d). In spite of a partial stabilization of the CI values, chloroquine 
failed to counteract the VEGF-A165-induced loss of claudin-1 even late after its addition (Figure 2c, e). 
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Figure 2. Chloroquine did not prevent VEGF-A165-induced downregulation of claudin-1. (a) Claudin-1 was 
immuno-precipitated from cell extracts obtained from confluent iBREC, and precipitates or their supernatants 
were analyzed for the presence of claudin-1 or claudin-5. Strong claudin-1-specific signals were detected in the 
precipitate of the claudin-1 IgG, but not of the control IgG. Only the cell lysate and the supernatants of the 
immuno-precipitations contained relevant amounts of claudin-5, indicating a high specificity of the claudin-1 
antibody. (b-e) iBREC exposed to (b) MG-101, (c-e) chloroquine and/or VEGF-A165 were harvested for 
preparation of cell extracts and subsequent Western blot analyses at indicated time points. The specific signals 
were normalized to those obtained from vehicle-treated cells. Data of multiple independent Western blot 
analyses were pooled (N≥5 per condition and time point) and are shown (b) as scaĴer plot where one dot 
represents the analyte-specific signal from one of multiple independent Western blot analyses or (d, e) as graphs; 
means ± standard deviations are depicted. For details, refer to section “4.6 Statistical analyses”. (b) MG-101 
neither altered amounts of claudin-1 expressed by unchallenged iBREC nor prevented its VEGF-A165-induced 
loss. (c) Typical images of Western blot analyses of which original images are presented in supplementary Figure 
S1. (d) Extended incubation only with 10 µM chloroquine significantly lowered amounts of claudin-1. (e) Less 
claudin-1 was detected during extended treatment with VEGF-A165, not prevented by chloroquine. CQ: 
chloroquine. 

2.4. VEGF-A165-Induced Upregulation of PLVAP was Counteracted by Chloroquine 

As anticipated, plasmalemma vesicle-associated protein (PLVAP), a regulator of transcellular 
transport, was only expressed at low amounts in unchallenged iBREC, and was strongly upregulated 
on days two and four following VEGF-A165 stimulation (Figure 3). This alteration was efficiently 
prevented by chloroquine in a nearly concentration-dependent manner correlating with the observed 
partial stabilization of the CI values. The inhibitor itself did not alter the low basal expression of 
PLVAP. 
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Figure 3. Chloroquine prevented upregulation of PLVAP by VEGF-A165. After incubation of confluent iBREC 
with 1-10 µM chloroquine with or without 1.3 nM VEGF-A165 for (a) two or (b) four days, cells were harvested 
for preparation of cell extracts and subsequent Western blot analyses. Specific signals of Western blot analyses 
were normalized to those obtained from VEGF-A165-treated cells; one dot represents the analyte-specific signal 
from one of multiple independent Western blot analyses. For details, refer to section “4.6 Statistical analyses”; 
means ± standard deviations are depicted. Chloroquine prevented upregulation of PLVAP in a concentration-
dependent manner induced by the growth factor on day (a) two and (b) four. Original images are shown in 
supplementary Fig. S2. 

2.4. Chloroquine Lowered Expression and/or Changed Subcellular Localization of Proteins Typical of 
Endothelial Cells 

Similar to other microvascular endothelial cells, unchallenged iBREC express high amounts of 
TJ-protein claudin-5, which remained unchanged following prolonged exposure to chloroquine 
(Figure 4a). VEGF-A165 treatment significantly increased claudin-5 levels (Figure 4b), an effect that 
was lowered by 5 µM chloroquine, and even more pronounced by 10 µM upon extended incubation 
(Figure 4b). In accordance with our previous findings, claudin-5 was strongly localized at the plasma 
membrane of unchallenged iBREC (Figure 5, yellow arrowhead) [8]. After exposure to 10 µM 
chloroquine for four days, the membrane-associated staining was noticeably reduced and a 
pronounced perinuclear accumulation was observed (Figure 5, yellow arrow). This perinuclear 
staining was even stronger when cells had been additionally exposed to VEGF-A165. Interestingly, 
expression of total claudin-5 – assessed by Western blot analyses – was then significantly lower: 
Normalized expression of claudin-5 was 1.16 ± 0.12 for 10 µM chloroquine compared to 0.41 ± 0.19 
for 10 µM chloroquine + 1.3 nM VEGF-A165, p=0.0021; N=6). Cells exposed to 10 µM chloroquine ± 
VEGF-A165 did no longer express the cobble-stone morphology, typical of microvascular endothelial 
cells, but appeared to be larger with spike-like extensions connecting the cells, which stained positive 
for claudin-5 (Figure5, white arrow). 
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Figure 4. Chloroquine reduced expression of claudin-5 in VEGF-A165-challenged iBREC. Confluent monolayers 
of iBREC were treated with chloroquine with or without VEGF-A165, and were harvested for Western blot 
analyses at indicated time points. Specific signals were normalized and pooled as described above. Original 
Western blot images are shown in supplementary Figure S3. (a) Extended incubation with chloroquine alone 
only slightly affected claudin-5 protein levels, which (b) were significantly higher upon VEGF-A165 treatment. 
Additional incubation with ≥ 5 µM chloroquine strongly decreased the amount of claudin-5 starting on day two. 
CQ: chloroquine. 

 

Figure 5. Subcellular localization of claudin-5 was changed by chloroquine. iBREC treated with chloroquine and 
VEGF-A165 were fixed for immunofluorescence staining on day four to assess subcellular localization of claudin-
5 using specific antibodies (red). Nuclei were counterstained with DAPI (blue). The homogenous plasma 
membrane staining observed in vehicle-treated iBREC (yellow arrowhead) was diminished by 10 µM 
chloroquine, accompanied by pronounced perinuclear staining (yellow arrow), further enhanced by co-
treatment with VEGF-A165. Claudin-5 was then also localized in spike-like extensions (white arrow). Scale bar: 
10 µm. 
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Observed alterations of expression and/or subcellular localization of claudin-5 might point to a 
loss of the endothelial phenotype. Accordingly, the strong granular staining with vWF-specific 
antibodies, which is characteristic of endothelial cells (EC) and was also observed in unchallenged 
iBREC (Figure 6a), was significantly reduced after extended exposure to 10 µM chloroquine ± 
VEGF-A165 (Figure 6a). In addition, caveolin-1 expression showed a tendency to decrease after four 
days of chloroquine treatment (Figure 6b), particularly in the presence of VEGF-A165 (Figure 6c), 
whereas VEGF-A165 alone did not alter caveolin-1 levels.  

 

Figure 6. Expressions of vWF and caveolin-1 were downregulated by chloroquine. Confluent iBREC exposed to 
chloroquine and VEGF-A165 were either (a) fixed for immunofluorescence staining on day four or (b, c) harvested 
for Western blot analyses at indicated time points. (a) The characteristic granular staining observed upon 
visualization of vWF localization with specific antibodies (red; nuclei counterstained with DAPI in blue) was 
significantly lower after treatment with 10 µM chloroquine ± VEGF-A165. (b, c) Specific Western blot signals were 
normalized and pooled as described above. Original Western blot images are shown in supplementary Figure 
S4. Extended incubation with ≥ 5 µM chloroquine significantly lowered amounts of caveolin-1, especially 
observed when cells were exposed to 10 µM chloroquine + VEGF-A165. CQ: chloroquine. Scale bar: 50 µm. 

Expression of the full-length variant of VEcadherin (~ 130 kDa), a major component of adherens 
junctions, remained stable during extended exposure to chloroquine, also not changed by VEGF-A165 

(Figure 7a, b). Interestingly, during treatment of iBREC with chloroquine ± VEGF-A165, an additional 
band at ~ 35 kDa became significantly more pronounced using antibodies raised against the 
C-terminus of the protein (Figure 7a, c). 
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Figure 7. High concentrations of chloroquine induced degradation of VEcadherin. Confluent iBREC treated with 
chloroquine ± VEGF-A165 were harvested for Western blot analyses at indicated time points, and specific signals 
were normalized to those obtained from vehicle-treated cells; data of multiple independent Western blot 
analyses were pooled. (a) Typical images of Western blot analyses, the original images of which can be found in 
supplementary Figure S5. (b) Even incubation for four days with chloroquine in the absence or presence of 
VEGF-A165 did not change the amounts of full length (FL) VEcadherin (see upper images in panel (a) at each time 
point). (c) Extended exposure of the chemiluminescence signals revealed an additional band ~35 kDa, 
corresponding to a C-terminal fragment (CTF) of VEcadherin (see middle images in panel (a) at each time point), 
which was pre-dominantly detected in cells treated with chloroquine, either in the presence or absence of 
VEGF-A165. CQ: chloroquine. 

3. Discussion 

Using iBREC, our well-established in vitro model of the tight inner blood-retina barrier, we 
investigated if chloroquine, an inhibitor of lysosomal degradation and autophagy, counteracts the 
VEGF-A165-induced barrier impairment. We observed that even during extended exposure over 
several days cell numbers are only slightly reduced and cell index values remain high, confirming 
that, similar to other cells types, ≤ 10 µM chloroquine is not cytotoxic to microvascular REC [39]. 
Continuous and non-invasive determination of the cell index is a reliable method to assess cell 
vitality, not only because even subtle and transient changes of vital characteristics of the investigated 
cells can easily be monitored over an extended time span; detachment of cells or cell death is 
characterized by very low values of the cell index. [14,26,40-42] 

During exposure of iBREC to VEGF-A165 in the presence of 10 µM chloroquine, cell index values 
approach near-normal levels, and the observed low amounts of PLVAP indeed suggest efficient 
restriction of transcellular flow. Similar to macrovascular endothelial cells of the umbilical cord 
(HUVEC), chloroquine, at least in part, counteracts activation of VEGFR2 responsible for barrier 
impairment induced by the growth factor in microvascular iBREC [15,43]. However, barrier 
stabilization is not complete and also delayed, probably because degradation of claudin-1 is not 
ameliorated by chloroquine. Since inhibition of lysosomal cysteine-dependent proteases with 
MG-101 also fails to prevent loss of claudin-1, we conclude that lysosomal degradation of this TJ-
protein plays a minor, if any, role in VEGF-A165-induced signal transduction in microvascular iBREC 
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[35,36]. However, chloroquine-mediated stabilization of claudin-1 would not have surprised, because 
the inhibitor prevents loss of the TJ-protein induced by hypotonic stress in renal tubular epithelial 
cells [17]. Interestingly, loss of claudin-1 induced by hypotonic stress but not by VEGF-A is prevented 
by inhibiting c-jun-N-terminal kinases or p38 MAPK [14,17]. Therefore, regulation of degradation of 
a specific protein, although supposedly highly conserved, seems to depend on cell type and/or nature 
of interference. It is an important observation, that variations of even high cell index values obtained 
from unchallenged compared to effector-treated cell layers might point to a leaky barrier 
characterized by altered expression and/or subcellular localization of proteins restricting para- and 
transcellular flow. 

Extended treatment with ≥ 5 µM chloroquine induces drastic responses of iBREC, especially in 
the presence of VEGF-A165: (1) Claudin-5, typically expressed by microvascular endothelial cells, is 
significantly reduced and – most importantly – its subcellular localization is dramatically changed, 
(2) levels of vWF and caveolin-1 are decreased, and (3) the amount of a C-terminal fragment of 
VEcadherin strongly increases. As a consequence of apoptotic processes in epithelial and endothelial 
cells, cleavage of the full-length cadherins by caspases or metalloproteinases results in formation of 
a C-terminal fragment, efficiently prevented in HUVEC by specific inhibition of A disintegrin and 
metalloproteinase (ADAM) 10 [44,45]. This sheddase is also expressed by iBREC, therefore, one might 
speculate that chloroquine (in)directly raises the activity of ADAM10, subsequently increasing the 
amount of the C-terminal fragment of VEcadherin [46]. Shedding of other membrane-bound proteins, 
i.e., VEGFR2, is induced in HUVEC by chloroquine, a process also mediated by ADAMs [43,47]. 
Whereas reduced expressions of other investigated proteins might point to a generally increased 
proteolytic activity in chloroquine-exposed REC, amounts of the cytoskeletal protein β-actin remain 
unchanged. Therefore, a more specific process seems to lead to the low levels of proteins involved in 
regulation of barrier integrity. In this context it is also of interest, that low expression of caveolin-1 is 
associated with induction of endothelial-to-mesenchymal transition, a process induced by hypoxia 
in human cardiac microvascular endothelial cells, further enhanced by chloroquine [29,48]. Taken 
together, altered morphology as well as low expression of proteins typical of (microvascular) 
endothelial cells indicate a phenotypic change in retinal endothelial cells following prolonged 
exposure to chloroquine with or without VEGF-A165. 

Treatment of retinal endothelial cells over several days with chloroquine at concentrations 
reached by systemic exposure, i.e., ~ 1 µM after a single dose, results in subtle changes only [49]. 
However, higher concentrations of chloroquine are observed in melanin-containing cells of the retinal 
pigment epithelium, where the inhibitor accumulates, leading to a dysfunction of the barrier formed 
by retinal pigment epithelial cells, and consequently to the break-down of the outer blood-retina 
barrier [32,33,49]. During repetitive and long-term treatment of inflammatory diseases, high 
concentrations of chloroquine could arise in the retina, and consequently in the retinal vessels, 
thereby possibly leading to phenotypic changes and loss of function of the retinal endothelial cell 
layer [50]. Although the observed phenotypic changes induced by chloroquine might not solely 
derive from prevention of autophagy, interference with this vital and tightly regulated process could 
be harmful in an organ as sensitive as the eye. 

4. Materials and Methods 

4.1. Antibodies and Reagents 

All relevant information on the antibodies used in this study can be found in Table 2; their 
specific reactivity has been confirmed in previous studies [8,14,15,38,51]. 
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Table 2. Antibodies used for Western-bloĴing and immunofluorescence staining. 

Target Host, Type and Conjugate Sourcea) 
Working 

concentration 
β-actin mouse, monoclonal clone BA3R, Invitrogen, #MA5-15739 100 ng/ml (WB) 

caveolin-1 rabbit, polyclonal abcam, #ab2910 20 ng/ml (WB) 
claudin-1, (C-terminus) rabbit, polyclonal Invitrogen, #51-9000 250 ng/ml (WB) 

claudin-5, (C-terminus) rabbit, polyclonal Invitrogen, #34-1600 
100 ng/ml (WB) 
2.5 µg/ml (IF) 

PLVAPb) rabbit, polyclonal Invitrogen, #PA5-110183 2 µg/ml(WB) 
VEcadherin, (C-terminus) rabbit, polyclonal Cell Signaling Technology B.V., #2158 1:2000 (WB) 

vWF rabbit, polyclonal Novus Biologicals, #NB600-586 1:1000 (IF) 
    

whole rabbit IgG 
goat, polyclonal,  
coupled to HRP 

Biorad, #170-5046 1:15000 (WB) 

whole mouse IgG 
goat, polyclonal,  
coupled to HRP 

Biorad, #170-5047 1:30000 (WB) 

IgG, H + L chains, rabbit 
goat, F(ab’)2 fragment,  

coupled to AlexaFluor594 
Invitrogen, #A11072 1:500 (IF) 

a) abcam, Cambrigde, United Kingdom; Biorad, Munich, Germany; Cell Signaling Technology B.V., Frankfurt, 
Germany; Invitrogen via Thermo Fisher Scientific, Schwerte, Germany; Novus Biologicals via bio-techne, 
Wiesbaden, Germany. b) HRP, horseradish peroxidase; IF, immunofluorescence staining, PLVAP, plasmalemma 
vesical-associated protein; VEcadherin, vascular endothelial cadherin; vWF, von Willebrand Factor; WB, 
Western blot analyses. 

Chloroquine (#S6999), MG-101 (#S7386) and tivozanib (#S1207) were bought from Selleckchem 
(Absource Diagnostics GmbH, Munich, Germany) and dissolved in dimethyl sulfoxide (Merck, 
Darmstadt, Germany) to achieve final solvent concentrations below 0.05% in the cell culture medium, 
which do not affect morphology or behavior of iBREC [14]. Recombinant human Sf21-expressed 
VEGF-A165 (#293VE) was purchased from bio-techne (Wiesbaden, Germany), dissolved in phosphate-
buffered saline without Ca2+ and Mg2+ (PBSd; Thermo Fisher Scientific, Schwerte, Germany) at a final 
concentration of 100 µg/ml, and stored at -80°C for no longer than three months [8]. 

4.2. Cultivation of iBREC 

Telomerase-immortalized microvascular endothelial cells from the bovine retina (iBREC) were 
established in our laboratory and were cultivated on surfaces coated with fibronectin (Corning, 
Amsterdam, The Netherlands) in supplemented Endothelial Cell Growth Medium MV (ECGM-1; #C-
22120, Promocell, Heidelberg, Germany; containing 1 g/l glucose, 0.4% Endothelial Cell Growth 
Supplement/H, 90 µg/ml heparin, 10 ng/ml human epidermal growth factor (hEGF), 100 nM 
hydrocortisone, 5% fetal bovine serum (all supplements purchased from Promocell) and 300 µg/ml 
geneticin (Thermo Fisher Scientific) as described in detail elsewhere [15,25,51]. Cells were used from 
passages 25 to 60, counting from the stage of primary culture, for which stable expression of proteins 
specific to microvascular EC, e.g., claudin-5, vWF, as well as other proteins investigated in this study 
were confirmed [8,14,25]. Absence of mycoplasma contamination was regularly verified by staining 
fixed cells with 4’,6-diamidino-2-phenylindole (DAPI; λex/λem=359 nm/461 nm) and subsequent 
examination with a fluorescence microscope. To ensure the authenticity of the cells, their 
characteristic proliferation profile was routinely recorded by continuously measuring the cell index 
via electrical cell-substrate impedance with the microelectronic biosensor system xCELLigence RTCA 
DP (Agilent, OLS, Bremen, Germany) for cell-based assays [14]. 

4.3. Cell Index Measurements 

As a measure of stability of the barrier formed by a monolayer of iBREC, we continuously 
monitored the cell index (CI) as previously described [8,14,16]. In each individual well of an E-Plate 
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16 PET (Agilent), impedance is measured between gold electrodes at the beginning of an experiment 
(Z0) and at individual time points (Zi) thereafter, and expressed as the unit-free parameter 
CI=(Zi-Z0)/15 Ω (RTCA Software Pro Version 2.6.1, Agilent) [26]. Briefly, ~104 cells per fibronectin-
coated well were cultured in ECGM-2 (ECGM-1 lacking hEGF but containing 10 µg/ml fibronectin) 
until a confluent cell monolayer was reached three days later, indicated by a constant and high cell 
index (CI ~ 20). Then, the cell culture medium was replaced with ECGM-2. One day later, chloroquine 
(final concentrations of 1 µM, 5 µM or 10 µM), MG-101 (final concentrations of 20 nM or 500 nM), 
tivozanib (final concentrations of 10 nM) with or without VEGF-A165 (final concentration of 50 
ng/ml~1.3 nM) were added, and the CI was determined every five minutes until the end of the 
experiments. At the end of each experiment, cells were harvested for preparation of cell extracts (see 
4.4). The recorded CI values (n≥6 for each condition and time point) were normalized in relation to 
those measured immediately prior to the addition of the effectors. 

4.4. Preparation of Protein Extracts, Immunoprecipitation and Subsequent Western Blot Analyses 

Confluent cells, cultured either on E-plates or in fibronectin-coated T25-cell culture flasks 
(Sarstedt, Nuembrecht, Germany), were exposed to effectors as described above for one, two or four 
days before they were harvested. After washing of the cells in ice-cold phosphate-buffered saline 
(PBS; Thermo Fisher Scientific) supplemented with 0.5x EDTA-free Halt Protease Inhibitor Cocktail 
(#78437, Thermo Fisher Scientific), they were suspended in lysis buffer (Lysis buffer 17 (#895943, bio-
techne)), supplemented with 1x EDTA-free HALT Protease Inhibitor Cocktail and 0.2% Phosphatase 
Inhibitor Cocktail 2 (#P5726-1ML, Merck), in 10 µl per well of an E-Plate or 100 µl per T25-cell culture 
flask. After incubation on ice under gentle shaking for 30 minutes and subsequent centrifugation 
(18000xg, 30 minutes, 4°C), the supernatant was collected and stored at -80°C [8,52]. 

For immunoprecipitation, cell lysates obtained from 2.5x106 cells were incubated with 1.25 µg 
antibodies raised against claudin-1 (see Table 2) or with 1.5 µg isotype control (polyclonal rabbit IgG; 
#27629S, Cell Signaling Technology, Frankfurt, Germany) on ice for two hours. Magnetic beads 
coupled to Protein A (25 µl of 30 mg/ml Dynabeads-Protein A, #10001D, Thermo Fisher Scientific) 
were washed with 100 µl TRIS-buffered saline (TBS)/0.1% Triton-X 100 for 10 minutes on ice, followed 
by 100 µl lysis buffer. Antibody-treated cell lysates were then incubated with the beads for 30 minutes 
under gentle shaking before the supernatant was collected and stored at -80°C. Beads were washed 
once with lysis buffer, twice with TBS/0.1% Triton-X 100 (#93443, Merck) before they were incubated 
with 25 µl elution buffer (40 mM TRIS Cl, 150 mM NaCl, 4% sodium dodecylsulfate, pH 7.4) for 10 
minutes at 65°C to elute bound proteins which were stored at -80°C. 

Proteins of relevance to be analyzed by Western-bloĴing were separated under denaturing 
conditions by gel electrophoresis in 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, 
Munich, Germany) and transferred to a polyvinylidene fluoride membrane (Immun-Blot PVDF 
membrane, #1620177, Bio-Rad). After incubation in a solution of 1% blocking reagent (#11096176001, 
Merck) in PBSd with 0.1% Tween-20 (#P9416, Merck) for 90 minutes at room temperature or 
overnight at 4°C, membranes were exposed to primary antibodies for 90 minutes, followed by 
washing in PBSd/0.1% Tween-20 and incubation with corresponding secondary antibodies for 30 
minutes at room temperature. All antibodies were diluted in 0.1% blocking reagent in PBSd/0.1% 
Tween-20. Membranes were washed again and treated with Pierce™ ECL Plus Western BloĴing-
substrate (#32132X3, Thermo Fisher Scientific). Chemiluminescence signals were subsequently 
scanned with the imaging system Fusion FX6 Edge V0.7 (Vilber Lourmat, Eberhardzell, Germany) 
[8,52]. To allow re-exposure to antibodies with other specificity, membranes were stripped by 
incubation in Restore Plus Western Blot Stripping Buffer (#46430, Thermo Fisher Scientific) for 45 
minutes at room temperature. After washing three times for 3 minutes with PBSd/0.1% Tween-20, 
membranes were incubated with blocking solution and subsequently with appropriate primary and 
secondary antibodies as described above [51,52]. 
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4.5. Immunofluorescence Staining  

Cells were cultured on fibronectin-coated two-chamber slides (x-well PCA Tissue Culture 
Chambers, #94.6140.202, Sarstedt) until a confluent monolayer was reached. Then the cell culture 
medium was replaced by 1.5 ml ECGM-2 per well and one day later effectors were added. After 
further incubation for four days, cells were fixed in methanol for 7.5 minutes at -20°C. Cells were 
permeabilized for 10 minutes in PBSd/0.1% Triton-X 100, followed by incubation of the slides in 
blocking solution (10% ImmunoBlock; #T144.1, Roth, Karlsruhe, Germany) for 60 minutes in a 
humidity chamber at room temperature. Slides were incubated with antibodies against claudin-5 or 
vWF (see Table 2), and subsequently for 30 minutes with AlexaFluor594-conjugated goat anti-rabbit 
secondary F(ab´)2 fragments (λex/λem=596 nm/620 nm); antibodies were always diluted in 1% 
ImmunoBlock/ PBSd. Slides were embedded in ProLong Gold Antifade Mountant with DAPI 
(#P36935; Thermo Fisher Scientific) for examination with a fluorescence microscope (BZ-8100E, 
Keyence Deutschland GmbH, Neu-Isenburg, Germany). DAPI-stained nuclei were counted in 
randomly chosen microscopic fields for assessment of a potential effect of chloroquine on cell 
numbers. Cells with granular staining specific to vWF were counted in randomly chosen microscopic 
fields containing ~65 cells/field. The claudin-5-specific staining was evaluated with an Olympus 
FV10i (Hamburg, Germany) confocal microscope equipped with argon and HeNe lasers. High-
resolution images were taken with an UPlanSApo x60/1.35 (Olympus) oil immersion objective at 1024 
x 1024 pixels [53]. Images taken at the different wave lengths were merged with BZ-Analyzer 
BZ-H1M3E or OLYMPUS FLUOVIEW Version 4.1a, respectively; Figures 5 and 6 contain original, 
non-cropped images which have not been not further processed. 

4.6. Statistical Analyses  

All experiments were performed at least three times. In control experiments, cells were always 
processed in cell culture medium only lacking the effector(s) investigated.  

The recorded CI values (n≥6 for each condition and time point) were either analyzed directly or 
normalized in relation to those measured immediately prior to the addition of the effectors (RTCA 
Software Pro Version 2.6.1). Absolute or normalized CI values were converted to graphs showing 
means (thick line) and standard deviations (thin lines), and were analyzed with two-way analyses of 
variance (ANOVA) followed by Šídák’s multiple comparison test [8,52].  

To quantify the specific signals obtained by Western-bloĴing, peak volumes of the protein-
specific bands determined with EvolutionCapt Edge software (Version 18.12; Vilber Lourmat) were 
first set in relation to those of β-actin in the very same sample. Depending on the type of experiment, 
signals were then normalized to those obtained from similarly processed control cells (analyses of 
claudin-1, claudin-5, VEcadherin, caveolin-1), or, in order to quantify PLVAP, to those obtained from 
cells exposed only to VEGF-A165 [8,16,52]. Data from multiple Western blots, performed with at least 
three independently prepared cell extracts, were pooled (N≥5 per condition and time point), and 
presented along with means and standard deviations as numbers, scaĴer plots or graphs. To compare 
the antigen-specific Western blot signals from effector-treated cells to the hypothetical value of 1.00 
of normalized signals from control cells, we used the one-sample t-test, which considers the variation 
of the standard deviation although it appears to be zero in the calculations or graphs. The one-way 
ANOVA followed by Tukey’s test was applied to compare several groups of antigen-specific Western 
blot signals or number of cells per field from differently treated cells.  

All statistical analyses were performed with Graph Pad Prism 9.4.1 (Graph Pad Software, San 
Diego, USA); means and standard deviations are provided as numbers, graphs or in scaĴer plots; 
only statistically significant differences are indicated. Differences resulting in p-values below 0.05 
were considered significant. *) p<0.05, **) p<0.01, ***) p<0.001, ****) p<0.0001. 
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5. Conclusions 

The phenotype of microvascular retinal endothelial cells is altered by chloroquine, thereby 
overruling its apparent stabilization of a VEGF-A165-challenged barrier. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figures S1-S5: Original images of Western blot data shown in Figures 2-4,6,7. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ADAM A desintegrin and metalloproteinase  
BRB blood-retina barrier  
CI cell index 
CQ chloroquine 
CTF C-terminal fragment 
DAPI 4’,6-diamidino-2-phenylindole 
EC endothelial cells 
FL full length 
hEGF human epidermal growth factor 
HRP horseradish peroxidase 
HUVEC human endothelial cells of the umbilical cord 
iBREC immortalized bovine retinal endothelial cells 
IF immunofluorescence staining 
PBS phosphate-buffered saline 
PBSd PBS without Ca2+ and without Mg2+ ions 
PLVAP plasmalemma vesicle-associated protein 
REC retinal endothelial cells 
TJ tight junction 
TBS TRIS-buffered saline 
TRIS Tris(hydroxymethyl)aminomethane 
VEcadherin vascular endothelial cadherin 
VEGF-A vascular endothelial growth factor-A 
VEGFR vascular endothelial growth factor receptor 
vWF von Willebrand factor 
WB Western blot analyses 
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